In schistosomiasis, chronic parasite egg-induced granuloma formation can lead to tissue destruction and fibrosis, which causes much of the morbidity and mortality associated with this disease. Here we show the importance of IL-13 in the pathogenesis of schistosomiasis, and demonstrate, perhaps for the first time, the therapeutic efficacy of an IL-13 inhibitor, sIL-13Rα2-Fc, in the control of hepatic fibrosis. T-helper type 2 (Th2) cytokines dominate the immune response in mice infected with Schistosoma mansoni, yet the specific contributions of IL-13 and IL-4 to the development of fibrosis were not previously investigated. Our studies demonstrate that both cytokines play redundant roles in granuloma formation, which explains the ability of IL-4-deficient mice to form granulomas around eggs. More importantly, however, these studies demonstrate that IL-13 is the dominant Th2-type cytokine regulating fibrosis. IL-13 stimulated collagen production in fibroblasts, and procollagen I and procollagen III mRNA expression was decreased in sIL-13Rα2-Fc-treated mice. Moreover, the reduction in fibrosis observed in IL-4-deficient mice was much less pronounced than that in sIL-13Rα2-Fc-treated animals. Fibrosis is a major pathological manifestation of a number of allergic, autoimmune, and infectious diseases. Thus, our findings provide evidence that IL-13 inhibitors may be of general therapeutic benefit in preventing damaging tissue fibrosis resulting from Th2-dominated inflammatory responses.
Introduction
The development of fibrous tissue is part of the normal process of healing after injury. Nevertheless, in some circumstances, there is a destructive accumulation of excess collagen that interferes with the normal function of the affected tissue. Indeed, collagen synthesis and tissue scaring are the major pathological manifestations of a number of chronic and debilitating illnesses, including several autoimmune, allergic, and infectious diseases (1) . Although there is a great deal of mechanistic information regarding the process of scar tissue formation (2, 3) , there are still large gaps in our understanding of the role of inflammatory cells and cytokines in initiating the fibrotic process. In murine schistosomiasis, the pathology resulting from infection with the helminth parasite Schistosoma mansoni is predominantly caused by the host reaction to parasite eggs that are laid in the portal venous system and subsequently trapped in the liver and intestine (4) . The associated egg-induced fibrosis can lead to portal hypertension, which causes much of the morbidity and mortality associated with this disease. Schistosomiasis is caused by several species of trematode worms and is believed to affect over 200 million people worldwide, causing between 500,000 and 800,000 deaths per year (5) . Elucidating the mechanisms leading to tissue pathology and fibrosis may lead to more effective strategies for immunological intervention in this and a variety of chronic diseases.
In the murine model of schistosomiasis, several Th2-associated cytokines, including IL-4, IL-5, IL-10, and IL-13, are induced after infection with S. mansoni (6) (7) (8) and contribute to many aspects of the host's immune response against the parasite (9) (10) (11) (12) (13) . Indeed, knockout and cytokine ablation studies have clearly demonstrated an important role for Th2-type cytokines in granuloma formation, tissue eosinophilia, IgG1/IgE antibody production, and the development of hepatic fibrosis (10, 13, 14) . Because IL-4 is the primary cytokine driving the differentiation of CD4 + T cells into the Th2 subset (15, 16) , it was predicted that much of the pathology associated with schistosome infection would be ameliorated by the elimination of IL-4. Nevertheless, IL-4 ablation experiments and studies with IL-4-deficient mice failed to demonstrate an indispensable role for this cytokine (8, 9, 17, 18) . Indeed, these and related studies examining Th2 response development in IL-4-deficient mice demonstrated clearly that a significant, albeit diminished, Th2-type response can develop in the absence of IL-4 (8, 19, 20) . These findings suggest that IL-4 is not the sole mediator of egg-induced pathology, and that other cytokines are compensating and perhaps playing a more critical role in the pathogenesis of schistosomiasis.
Because IL-13 shares many functional activities with IL-4 (21) and uses similar receptor subunits for signaling (22) , it is possible that IL-13 plays an important role in schistosomiasis pathogenesis. With the recent development of IL-13 transgenic and knockout mice (23, 24) , as well as soluble IL-13 antagonists (25) , the unique functional activities of IL-13 are being delineated. Recent in vivo studies with several infectious disease (20, 23, 24, (26) (27) (28) (29) and asthma models (30, 31) suggest that IL-13 possesses many important functional activities that are distinct from IL-4. The IL-13 receptor complex is composed of at least 3 distinct components, including the IL-4 receptor, the low-affinity binding chain IL-13Rα1, and the high-affinity binding chain IL-13Rα2 (25, (32) (33) (34) . Recently, a soluble IL-13Rα2-Fc fusion protein was prepared, and has been used successfully to neutralize IL-13 both in vitro (25) and in vivo (28) (29) (30) (31) . Because the fusion protein binds IL-13 with high affinity, but fails to neutralize IL-4, the protein provided an excellent tool to dissect the specific roles of IL-13.
In the present study, we used the IL-13 antagonist in wild-type (WT) and IL-4-deficient mice in order to dissect the contributions of IL-13 and IL-4 to the pathogenesis of schistosomiasis. In these studies, liver granuloma formation was examined in detail, focusing on eosinophil and mast cell recruitment, and the development of egg-induced fibrosis was quantified using biochemical, histological, and molecular techniques. Whereas the results from this study show that IL-13 and IL-4 exhibit some redundant activities in schistosomiasis pathogenesis, distinct functions for both cytokines were also clearly elucidated. The most important and novel finding was the observation that IL-13, not IL-4, was the major Th2-type cytokine driving type I and type III collagen mRNA production and hepatic fibrosis in infected mice. Thus, our findings provide evidence that an IL-13 inhibitor, such as sIL-13Rα2-Fc, may be of therapeutic benefit in preventing fibrosis associated with chronic infectious disease.
Methods
Animals, parasites, and antigen preparations. Six-to 8-week-old female C57BL/6 mice and IL-4-deficient mice (C57BL/6 background, 10th backcross) were obtained from Taconic Farms Inc. (Germantown, New York, USA) and were infected by percutaneous challenge. Cercariae of a Puerto Rican strain of S. mansoni (Naval Medical Research Institute, Bethesda, Maryland, USA) were obtained from infected Biomphalaria glabrata snails (Biomedical Research Instruments, Rockville, Maryland, USA). Soluble egg antigen (SEA) was purified from homogenized eggs, as previously described (9) . The soluble IL-13 receptor α2-Fc fusion protein (sIL-13Rα2-Fc) and human IgG (controlFc) were prepared as described previously (25) (provided by Genetics Institute Inc., Cambridge, Massachusetts, USA). Animals were treated by intraperitoneal injection in 0.5 mL PBS (200 µg/mouse per day) every other day, after the onset of egg production. As described previously, the control-Fc had no detectable effect on pathology or cytokine expression in infected mice (29) . No mortality was observed among any groups of mice, and there were no signs of cachexia up to 8 weeks after infection.
Histopathology and fibrosis measurement. The sizes of hepatic granulomas were determined in histological sections stained by Wright's Giemsa stain (Histopath of America, Clinton, Maryland, USA). The percentages of eosinophils, mast cells, and other cell types were evaluated in the same sections. Parenchymal necrosis was scored on a scale of 0-4, with 0 being the least extensive necrosis and 4 being the most extensive necrosis. The frequency of mast cells was also assigned on a similar scale, using a range of 0-4. The number of schistosome eggs in the liver and gut and the collagen content of the liver, determined as hydroxyproline, were measured as described previously (9) . Specifically, hepatic collagen was measured as hydroxyproline by the technique of Bergman and Loxley after hydrolysis of a 200-mg portion of liver in 5 mL of 6 N HCl at 110°C for 18 hours (35) . The increase in hepatic hydroxyproline was positively related to egg numbers in all experiments (data not shown), and hepatic collagen is reported as the increase above normal liver collagen in micromoles per 10,000 eggs: (infected liver collagen -normal liver collagen)/liver eggs × 10 -4 . Fibrosis was also scored histologically using sections stained with picrosirius red. All granulomas within each section were scored for picrosirius red density on a scale of 1-4, and a second measurement of area involved was also determined using the same scale. The total fibrosis score was determined by multiplying the density and area for each granuloma (a score of 16 would be the maximum). An average of 30 granulomas per mouse were included in all analyses. To control for consistency, the same individual scored all histological features and had no knowledge of the experimental design.
Isolation and purification of RNA and RT-PCR. Liver tissues were homogenized in RNA-STAT 60 (Tel-Test Inc., Friendswood, Texas, USA) using a tissue polytron (Omni International Inc., Warrenton, Virginia, USA), and total RNA was extracted following the recommendations of the manufacturer. An RT-PCR procedure was used to determine relative quantities of mRNA for several cytokine genes after reverse transcription of 1 µg of RNA as described (36) . The primers and probes for all genes were published previously (13, 36, 37) . The PCR cycles used for each cytokine were as follows: IL-4 (33), IL-5 (31), IFN-γ (29), TNF-α (34), procollagen I (26), procollagen III (22) , TGF-β 1 (34) , TGF-β 2 (34) , and hypoxanthine-guanine phosphoribosyl transferase (HPRT) (23) . The amount of PCR product was determined by comparing the ratio of cytokine-specific signal density with that of HPRT-specific signal density for individual samples. Arbitrary densitometric units for individual samples were subsequently multiplied by a factor of 100.
In vitro cultures. Mesenteric lymph node (MLN) cells and spleens were extracted from the mice, and single-cell suspensions were prepared as previously described (9) . Cells were placed in RPMI-1640 medium (3 × 10 6 /mL, 1 mL) supplemented with 10% FCS, 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 25 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 50 µM 2-ME at 37°C in 5% CO 2 . Cells were stimulated with SEA (20 µg/mL), and supernatants were collected after 72 hours. Additional SEA-stimulated cultures were also treated with 50 µg/mL of anti-CD4 mAb (GK1.5). IL-4, IL-5, IL-10, and IFN-γ were measured using specific sandwich ELISA (9) . IL-13 levels were measured using murine IL-13 ELISA kits (R&D Systems Inc., Minneapolis, Minnesota, USA).
Western blot detection of collagen I. 3T3 fibroblasts were cultured in RPMI-1640 medium supplemented as described above. Confluent cells were plated in 24-well plates (500,000 cells/mL) and stimulated with IL-4 (1,000 U/mL) or rIL-13 (20 ng/mL; R&D Systems Inc.). Culture supernatants were collected to analyze secreted collagen I. Cells were washed once with PBS and lysed with SDS-PAGE sample buffer. Cell lysates and culture supernatants were submitted to electrophoretic separation in 6% Tris-glycine gels (Novel Experimental Technology, San Diego, California, USA), using reducing conditions, and were transferred to nitrocellulose membranes (Schleicher & Schuell Inc., Keene, New Hampshire, USA). Blots were probed with rabbit IgG anti-mouse type I collagen (BIODESIGN International, Kennebunk, Maine, USA), and peroxidase-labeled anti-rabbit IgG (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) was used as a second antibody. The bands were viewed using a Western blot chemiluminescence reagent (NEN Life Science Products Inc., Boston, Massachusetts, USA). To confirm the identity of the collagen bands, cell lysates were treated with 0.5 mg/mL of collagenase (Boehringer Mannheim Biochemicals, Indianapolis, Indiana, USA) in PBS supplemented with 1 mM CaCl 2 and 1% FCS, for 1 hour at 37°C. A purified rat collagen I consisting of the β11(I),β12(I) and α1(I),α2(I) collagens was obtained from Sigma Chemical Co. (St. Louis, Missouri, USA) and used as a control.
Statistics. Granuloma size and hepatic fibrosis (adjusted for egg number) decrease with increasing intensity of infection (worm pairs) in these and previous experiments. These variables were, therefore, compared by analysis of covariance, using the log of total liver eggs as the covariate and the log of hydroxyproline per egg. Variables that did not change with infection intensity were compared by 1-way ANOVA or by Student's t test. Worm and egg burdens were evaluated using the Wilcoxon rank sum test, with Fisher's combination test applied when results from 2 or more experiments were pooled.
Changes in cytokine mRNA and values for secreted cytokine proteins were determined by ANOVA. In all cases, results were considered significant for P < 0.05.
Results

Treatment with sIL-13Rα2-Fc significantly reduces hepatic fibrosis in S. mansoni-infected mice.
To compare the regulatory roles of IL-4 and IL-13 in the pathogenesis of schistosomiasis, we infected C57BL/6 WT and IL-4-deficient mice percutaneously with 25 S. mansoni cercariae. Separate groups of animals were treated with either sIL-13Rα2-Fc or with control-Fc, as described in Methods. The treatments began on week 5, at the start of egg laying. All animals were sacrificed 8 weeks after infection and examined for several parasitologic and immunologic parameters. All 4 groups of mice harbored similar worm burdens, and tissue eggs produced per worm pair did not vary among the groups (Table  1) . At 8 weeks after infection, the time of the peak tissue response (38) , WT mice showed no significant change in granuloma size as a result of IL-13 blockade (Figure 1a) . Interestingly, control-Fc-treated IL-4-deficient mice also failed to show a reduced granulomatous response, and, in fact, granulomas were significantly larger in these mice. In striking contrast to these observations, the IL-4-deficient mice displayed a markedly reduced granulomatous response when IL-13 was inhibited ( Figure 1a , far right). Indeed, the double IL-4-deficient/sIL-13Rα2-Fc-treated mice displayed, on average, a 40-50% reduction in granuloma volume when compared with either control or sIL-13Rα2-Fc-treated WT animals, and more than a 75% reduction when compared with control-Fc-treated IL-4-deficient mice.
The cellular composition of the lesions was also evaluated in Giemsa-stained liver sections. IL-4-deficient mice displayed a marked reduction in granuloma-associated mast cells (Table 1 ). In contrast, there was no change in mast cell numbers by IL-13 inhibition alone, and IL-13 blockade had no additional effect on the already highly reduced numbers of mast cells in IL-4-deficient mice. Somewhat similar, yet distinct, findings were observed when granuloma-associated eosinophils were evaluated ( Figure 1b) . Here, the numbers of eosinophils were increased from 46% to 64% in WT mice by IL-13 blockade, and were significantly decreased (28%) as a consequence of IL-4 deficiency. Despite the apparent contrasting roles for IL-13 and IL-4 in the tissue eosinophilia, an even more striking combined inhibitory effect was observed when the IL-4-deficient mice were treated with the IL-13 inhibitor. In these mice, the average number of granuloma eosinophils was below 10%. Finally, there was no change in the degree of parenchymal or egg-associated liver necrosis in the WT mice, compared with the IL-4-deficient animals, whereas both sIL-13Rα2-Fc-treated WT and IL-4-deficient groups showed marked reductions in overall parenchymal necrosis (Table 1) . Perhaps most importantly, the sIL-13Rα2-Fc treatment significantly reduced the collagen content of liver granulomas in WT mice, as assessed in tissue sections stained with picrosirius red (Table 1) . In contrast, infected IL-4-deficient mice showed no detectable change in granuloma collagen deposition by microscopic analysis. Interestingly, there appeared to be no combined or synergistic role for IL-13 and IL-4 in this parameter, because there was no significant difference between sIL-13Rα2-Fc-treated WT and IL-4-deficient mice. Finally, the extent of hepatic fibrosis was also measured by the assessment of hydroxyproline levels (Figure 1c) , which is more quantitative than the histological techniques described above. The soluble IL-13 antagonist alone markedly decreased liver hydroxyproline levels, whereas the IL-4 deficiency resulted in a significantly less pronounced reduction. The dual IL-4/IL-13 deficiency failed to reduce hydroxyproline to levels below that already observed in the sIL-13Rα2-Fc-treated WT mice. Together, these data demonstrate that IL-13 is the dominant Th2-associated cytokine responsible for the development of hepatic fibrosis in murine schistosomiasis.
Th2-type cytokine production is reduced in IL-4-deficient mice but unaffected by IL-13 inhibition. Whereas it is well known that IL-4 is the primary cytokine driving CD4 + Th2 cell development (15, 16) , the role of IL-13 in the generation and maintenance of Th2-type responses remains controversial and may be influenced by both host genetics and the infectious disease model under study (24, 27, 29) . Therefore, to determine whether the sIL-13Rα2-Fc-induced changes in liver pathology were generated by alterations in the Th1/Th2 cytokine balance, we isolated MLNs and spleens from infected mice, prepared single-cell suspensions, and restimulated the cultures in vitro with parasite antigens. Additional cell cultures were exposed to parasite antigens in the presence of anti-CD4 mAb to determine whether cytokine production was dependent upon a CD4 + T-cell response. Culture supernatants were analyzed by ELISA for IL-4, IL-13, IL-5, IL-10, and IFN-γ. As might be predicted (9), mesenteric ( Figure 2 ) and splenic cultures (data not shown) prepared from WT mice displayed a highly polarized Th2-type cytokine response. They produced high levels of IL-4, IL-5, IL-10, and IL-13 in response to SEA stimulation, and little or no IFN-γ. IL-4-deficient mice, in contrast, showed a more mixed Th1/Th2-type profile. Indeed, a significant SEA-specific IFN-γ response was detected in IL-4-deficient mice, which is consistent with previous studies (17, 18) . IL-13, IL-10, and, to a lesser extent, IL-5 were also detected in these animals, although the levels of these cytokines were markedly decreased when compared with WT mice. The maintenance of the low but significant IL-4-independent IL-13 response likely explains the marked granulomatous response that is maintained in the absence of IL-4 ( Figure  1 ). Importantly, despite its marked inhibitory effect on hepatic fibrosis, sIL-13Rα2-Fc had no significant effect on Th1 or Th2-type cytokine responses in WT and IL-4-deficient mice. It should also be noted that in all cases, cytokine production was highly dependent on a CD4 + Tcell response, because little or no cytokine expression was detected in any of the anti-CD4 mAb-treated SEA-stimulated cultures.
Th1/Th2-type cytokine mRNA expression in the granulomatous livers of IL-4-deficient and sIL-13Rα2-Fc-treated mice. To determine whether a similar pattern of cytokine expres-
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Figure 1
Characterization of the roles of IL-4 and IL-13 in schistosomiasis pathogenesis. C57BL/6 WT and IL-4-deficient (4KO) mice were sacrificed 8 weeks after infection to evaluate the size of liver granulomas (a), tissue eosinophilia (b), and hepatic fibrosis (c). Separate groups of mice were treated with control-Fc or sIL-13Rα2-Fc as described in Methods. The data shown are measurements from individual mice. The bars designate the means for each group. Significant comparisons are indicated by asterisks. Similar data were reproduced in 3 separate studies.
Figure 2
The Th1/Th2-type cytokine profile is unaffected by sIL-13Rα2-Fc treatment. Infected C57BL/6 WT and IL-4-deficient (4KO) mice were treated with control-Fc or sIL-13Rα2-Fc as described in Methods MLN cells were isolated from individual mice, and single-cell suspensions were prepared (3 × 10 6 cells per well in 24-well plates) and stimulated with medium (squares), SEA at 20 µg/mL (circles), or SEA and 50 µg/mL of anti-CD4 mAb (triangles). All cytokines were assayed in culture supernatants by ELISA 72 hours after stimulation, as described in Methods. The symbols represent values for individual mice, and the bars indicate the means within each group.
sion was observed in vivo at the site of granuloma formation, we isolated liver mRNA from the various groups of mice at 8 weeks after infection and performed quantitative RT-PCR. Infected WT mice displayed a strong Th2-type cytokine mRNA profile, showing marked increases in IL-4, IL-13, IL-5, and IL-10 mRNA ( Figure  3 ). The WT mice also showed modest increases in the expression of IFN-γ mRNA, which was consistent with previous observations (13) . In contrast to these findings, IL-13 and IL-5 mRNA levels were much lower in IL-4-deficient mice, whereas IL-10 and TNF-α mRNA increased, and IFN-γ mRNA expression did not change significantly. Again, similar to the in vitro results obtained from MLN and splenocyte cultures, IL-13 blockade had no significant effect on the pattern of cytokine mRNA expression in WT and IL-4-deficient mice. There was, however, a modest increase in IL-10 mRNA levels in IL-4-deficient mice treated with the sIL-13Rα2-Fc, although this is unlikely to explain the decreases in fibrosis, because highly divergent levels of IL-10 were detected in sIL-13Rα2-Fc-treated WT mice, compared with IL-4-deficient mice, yet a similar decrease in fibrosis was observed. TGF-β 1 and TGF-β 2 mRNA expression was also examined in the granulomatous tissues; however, no significant differences were observed in infected IL-4-deficient mice or in animals treated with sIL-13Rα2-Fc (data not shown).
Procollagen I and procollagen III mRNA levels are reduced in the livers of sIL-13Rα2-Fc-treated mice but are unaffected by IL-4 deficiency.
The in vitro and in vivo cytokine studies described above suggested that the antifibrotic effect of sIL-13Rα2-Fc was unlikely to be explained by changes in Th1-or Th2-type cytokine expression. Therefore, in subsequent experiments, we investigated the patterns of procollagen I (Col I) and procollagen III (Col III) mRNA expression to determine whether the sIL-13Rα2-Fc-induced reduction in fibrosis was accompanied by direct changes in the expression of these 2 important collagen-producing genes (13) . Here, IL-13 blockade significantly reduced Col I and Col III mRNA expression in both WT and IL-4-deficient mice (Figure 4) . There was no change in the infection-induced levels of Col I and Col III mRNAs in IL-4-deficient mice compared with WT, and when compared with sIL-13Rα2-Fc-treated WT mice, there was no further reduction in similarly treated IL-4-deficient mice.
IL-13 stimulates collagen production in mouse 3T3 fibroblasts. Having shown that IL-13 blockade in vivo significantly reduced Col I and Col III mRNA expression in the liver of infected WT and IL-4-deficient mice, we wanted to determine whether IL-13 would directly stimulate collagen deposition in fibroblasts. To answer this question, we examined the induction of type I collagens in murine 3T3 fibroblasts using Western blotting. As shown in Fig-782 The , and high levels of secreted collagen were easily detectable in the supernatants obtained from both cytokine-stimulated cultures (data not shown). We observed no significant difference in the ability of IL-4 and IL-13 to stimulate collagen I expression. The specificity of the reaction was confirmed by using purified collagen type I (lane 5), and bacterial collagenase treatments showed that the antibodies were specific for collagen type I, including the α and β chains (data not shown).
Discussion
A CD4 + Th2-type cytokine pattern dominates the immune response in mice infected with S. mansoni (6, 7). Previous IL-4 depletion studies and experiments with IL-4-deficient mice, however, failed to show an indispensable role for this cytokine in the pathogenesis of schistosomiasis (8, 9, 17, 18) . Indeed, whereas a partial reduction in fibrosis was observed in some studies (9), egg-induced granuloma formation could proceed in the complete absence of IL-4 (8, 17, 18) . In contrast to these observations, granuloma formation and the development of hepatic fibrosis was severely impaired in Stat6-deficient mice (10), which display a major defect in the production of several Th2-associated cytokines (39) . IL-4 and IL-13 both activate the Stat6 signaling pathway. Therefore, the apparent differences in pathology observed between infected IL-4-deficient and Stat6-deficient mice may be explained by IL-13. Nevertheless, the distinct contributions of IL-4 and IL-13 in disease progression cannot be discerned from studies in Stat6, IL-4Rα, or IL-4-deficient mice alone. In this study, we used a potent inhibitor of IL-13 in infected WT and IL-4-deficient mice, and demonstrate that IL-13 and IL-4 exhibit redundant, as well as unique, roles in the pathogenesis of schistosomiasis. Several studies have shown that Th2-type cytokine responses can develop in vivo in the absence of IL-4 or the IL-4 receptor (19, 28) , which is consistent with our findings that the levels IL-13, IL-10, and IL-5 were much reduced, but still significantly detectable in MLNs ( Figure  2 ) and livers ( Figure 3 ) of infected IL-4-deficient mice. Their production was also highly dependent on a CD4 + Tcell response (Figure 2) , further indicating that a conventional Th2-type response was established. These findings provide evidence that whereas maximal IL-13 expression is dependent on IL-4, the continued production of IL-13 might explain the maintenance of a significant granulomatous response in the absence of IL-4 (8, 17, 18) . Indeed, whereas blocking IL-13 alone had no effect on granuloma size in WT mice, inhibiting the residual IL-13 in IL-4-defi- 
Figure 4
Collagen I and collagen III mRNA expression is reduced in the livers of infected sIL-13Rα2-Fc-treated mice, but is unaffected by IL-4 deficiency (4KO). RT-PCR analysis was performed for collagen I and III as described in the legend to Figure 3 . These data were reproduced in a separate study. cient mice resulted in a marked and highly significant reduction in granuloma volume (Figure 1a) . These findings demonstrate that IL-4 and IL-13 are both sufficient to mediate granuloma development, and formally explain the maintenance of granulomatous inflammation in IL-4-deficient mice (10, 18) . Similar findings were also reported in the pulmonary granuloma model, where the simultaneous depletion of IL-4 and IL-13 reduced granuloma formation to a much greater extent than either treatment alone (29) . Because granulomas serve an important host-protective role by walling off potentially lethal hepatotoxins released by the eggs (40) , the host may have evolved redundant mechanisms for granuloma formation in order to ensure a favorable host-parasite relationship.
Whereas these observations clearly demonstrate that IL-4 and IL-13 actively participate in granuloma formation, unique roles for both cytokines in mast cell recruitment, tissue eosinophilia, and, most importantly, the generation of hepatic fibrosis were revealed. Histological examinations of liver sections from infected mice demonstrated that IL-13 is not required for mast cell (Table 1) or eosinophil ( Figure  1b ) differentiation and recruitment, because granulomas of sIL-13Rα2-Fc-treated WT mice showed no decrease in either cell type. In fact, eosinophil numbers were increased in the lesions of IL-13-inhibited WT mice (Figure 1b) , suggesting that IL-13 may partially antagonize this effect in the presence of IL-4. In contrast, mast cells were almost completely absent from the lesions in IL-4-deficient mice, and eosinophils were decreased by over 50%. Interestingly, IL-13 appears to mediate the tissue eosinophilia in IL-4-deficient mice, because eosinophils were reduced to below 10% in the IL-4-deficient/sIL-13Rα2-Fc-treated animals. Nevertheless, these data indicate that IL-4 is the dominant cytokine responsible for the development of eosinophil and mast cell populations within granulomas.
Probably the most important advance from this study was the finding that hepatic fibrosis could be blocked by sIL-13Rα2-Fc. Indeed, microscopic (Table 1) , biochemical (Figure 1c) , and molecular techniques (Figure 4 ) all indicated that IL-13, not IL-4, plays the major role in the development of egg-induced liver fibrosis. Previous studies showed that perturbations in the Th1/Th2 cytokine balance can significantly effect the extent of tissue fibrosis in S. mansoni-infected mice (13) . Nevertheless, this study suggests that the effects of sIL-13Rα2-Fc were not mediated through a skewing of the Th-cell cytokine response. Blocking IL-13 had no significant effect on the production of IFN-γ, IL-4, IL-5, IL-10, or IL-13 by MLN (Figure 2 ) or spleen cells in vitro, and there was also no change in cytokine mRNA expression in vivo at the site of lesion formation (Figure 3) . In contrast to these observations, IL-4-deficient mice displayed an increased IFN-γ response in the draining lymph nodes (Figure 2 ) and decreased IL-5 and IL-13 expression in the lymph nodes ( Figure 2 ) and liver ( Figure 3) . Thus, the less-pronounced reduction in fibrosis detected in IL-4-deficient mice by hydroxyproline analysis (Figure 1c ) may be attributable to decreased IL-13 production. The fact that IL-4 production was unaffected by IL-13 blockade, yet fibrosis was maximally reduced in these animals, emphasizes the important role played by IL-13. Indeed, sIL-13Rα2-Fc-treated IL-4-deficient mice showed little additional decrease in hydroxyproline levels (Figure 1c) and no difference in collagen I or collagen III mRNA expression ( Figure 4 ) over that observed in similarly treated WT mice. There was also no change in collagen I or collagen III mRNA expression in control-Fc-treated IL-4-deficient mice when compared with WT animals, further deemphasizing the contribution of IL-4. It is also important to note that whereas the fibrosis scores by histology (Table 1) and collagen I and collagen III mRNA data (Figure 4) do not agree completely with the sensitive hydroxyproline results reported for the IL-4-deficient mice (Figure 1) , they are completely consistent with the published and controversial role of this cytokine in schistosomiasis pathogenesis. Indeed, some studies reported a partial role for IL-4 in the generation of egginduced fibrosis (9) , whereas a related study demonstrated no contribution at all (18) . Therefore, the fact that the IL-13 blockade results were highly significant with all 3 techniques, but IL-4 deficiency achieved significance in only 1 assay (Figure 1 ), and to a lesser degree than IL-13 blockade, emphasizes the potential utility of reducing tissue fibrosis through the inhibition of IL-13.
Moreover, in vitro studies with 3T3 cells may demonstrate for the first time the ability of IL-13 to stimulate collagen production in fibroblasts ( Figure 5) . Thus, the effects of IL-13 on fibrosis are likely direct, and not dependent upon modulations in the Th1/Th2 cytokine response. In support of this conclusion, recent studies identified IL-13 receptors on fibroblasts (22) and exogenous IL-13 increased adhesion molecule and inflammatory cytokine expression in human lung fibroblasts (41) . Additional studies are needed however, to determine whether granuloma-derived fibroblasts exhibit similar activity. Finally, although IL-13 ( Figure 5 ) and IL-4 (42) are both capable of promoting collagen production in fibroblasts, the fact that cultured lymph node cells produced nearly 100-fold more IL-13 than IL-4 ( Figure 2 ) only serves to emphasize the potentially important contribution of IL-13 in this process. Indeed, studies in the pulmonary granuloma model revealed that IL-4 mRNA expression is more tightly regulated at the site of lesion formation, whereas the induction of IL-13 mRNA is much more sustained over time (29) and, similar to the findings reported here, is observed at greater levels than IL-4 (8). Nevertheless, we have not examined the kinetics of IL-4 and IL-13 mRNA expression in infected animals, so we cannot say whether a similar pattern holds in the granulomatous livers.
IL-13 was also recently shown to play a central role in murine asthma (30, 31) . Indeed, the targeted pulmonary expression of IL-13 was shown to cause mucus cell metaplasia, airway fibrosis, and nonspecific airway hyperreactivity (43) . Subepithelial fibrosis and airway smooth muscle hypertrophy are common features of chronic severe asthma (44) , and chronic pulmonary fibrosis is associated with the production of collagen I and collagen III. Thus, the link between IL-13 and fibrosis revealed in our study may extend to other important Th2-related human diseases and may lead to more effective modes of treatment of fibrotic disease in general. In summary, our findings provide evidence that IL-13 inhibitors, such as the sIL-13Rα2-Fc, may be of general therapeutic benefit in preventing fibrosis associated with chronic infectious dis-ease, and demonstrate the important and nonredundant role of IL-13 in the pathogenesis of schistosomiasis.
